Background: Root growth and development is not only critical for nitrogen acquisition in plants, but also to anchor the plant in the soil. Several genes involved in maize root development have been isolated. Identification of SNPs associated with root traits would enable the selection of maize lines with better root architecture that might help to improve N uptake, and consequently plant growth particularly under N deficient conditions.
Background
The plant root system serves primarily to anchor plants in the soil, and to take up water and minerals. Roots are less visible than aboveground plant parts such as flowers, stems, and leaves.
Therefore, root characteristics are seldomly considered as selection criteria [1] , but they are no less important to the plant. The root system is affected by environmental conditions, management practices, and to a greater extent genotype dependent. While plants respond to limiting soil nutrients and water stress by increasing the amount of root biomass allocated to roots, and consequently increasing root to shoot biomass ratio [2] [3] [4] [5] [6] [7] , the acquisition of soil nutrients and available soil moisture by plants is more dependent upon root length and/or root surface area than total root biomass [8] [9] . Genetic variation for root morphology in maize does exist, and has long been considered for improvement of nutrient and water-use efficiency in maize [7, [10] [11] [12] [13] [14] .
Root architecture traits can be determined using different methods including vertical root pulling force (RPF) and hydroponic characterization [15] [16] [17] [18] . Field methods are frequently technically demanding and costly. Due to the difficulty in obtaining reliable root trait data from the field, there are very few reports on morphological characterization of maize roots in the field. Using paper rolls as a hydroponic method to study root architecture has several advantages in comparison with RPF and other field techniques [7, 14, [18] [19] ]. These include: (i) the ease to score root traits as compared with vertical RPF, (ii) controlled environmental conditions, thus increasing repeatability of measurements, (iii) screening large numbers of lines in small space within a short period of time with an easy access to roots, and (iv) precise control of the concentration of mineral nutrients and water soluble compounds. However, the main disadvantages are the artificial screening conditions which might not properly represent field conditions.
Maize varieties with high yield potential are expected to have favorable root architecture, which can effectively supply water and nutrients, leading to increased grain yield [7, [15] [16] [17] . This is particularly important in case of limited water or nutrient availability, such as under drought conditions.
The maize root system consists of different root types that are formed during different stages of plant development. The root system in maize can be divided into embryonic and post-embryonic roots [20] . The embryonic root system is composed of a single primary root and a variable number of seminal roots, while post-embryonic roots are shoot-borne roots including crown and brace roots. Shoot-borne roots formed at consecutive underground nodes are called crown roots, while the respective roots formed at consecutive above-ground nodes of the shoot are called brace roots. Lateral roots which emerge from all major root-types also belong to the postembryonic root system. Mutants affected in various aspects of root formation have been identified in maize including rtcs, rth1, rth3, and rum1 [19, [21] [22] [23] . Rtcl (Rtcs-like) is regarded as a paralog of Rtcs [22] , and Rul1 (Rum1-like) as a paralog of Rum1. That the primary root and its lateral roots alone are sufficient to form a fertile mature plant was demonstrated by the monogenic recessive mutant rtcs, which forms only a primary root and its lateral roots but no seminal or shoot-borne roots [24] . The mutant rum1 is affected in lateral root formation, while the mutants rth1 [21] and rth3 [25] display reduced root hair elongation. Rtcs encodes a 244 amino acid (aa) Lateral Organ Boundaries (LOB) domain protein located on chromosome 1S. During evolution, Rtcs was duplicated. The Rtcl gene, which maps on chromosome 9, displays 72% aa sequence similarity with Rtcs. The Rtcs and Rtcl gene promoters share auxin responsive elements, and they are preferentially expressed in roots [22] . The Rth1 gene encodes a SEC3
homologue [21] . In yeast (Saccharomyces cerevisiae) and mammals, sec3 is part of the exocyst complex, which ropes together exocytotic vesicles prior to their fusion. The Rth3 gene belongs to the COBRA-like gene family [25] . Members of this plant-specific glycosylphosphatidylinositol anchored protein coding gene family are involved in cell expansion and cell wall biosynthesis [26] . The Rum1 gene located on chromosome 3 encodes a polypeptide of 269 aa which is a monocot specific AUX/IAA protein [23] . Rul1 is a closely related Aux/IAA protein coding gene, and is localized on chromosome 8. Rul1 encodes a polypeptide of 273 aa that displays 92% aa identity with Rum1. So far, no information is available on the genetic diversity of genes affecting root development in maize. Therefore, the objectives of this study were to: (i) examine the nucleotide and haplotype diversity for Rtcl, Rth3, Rum1, and Rul1 in a panel of 74 maize inbreds, (ii) estimate phenotypic means for root traits of lines included in the individual haplotypes, and (iii) to identify polymorphisms in candidate genes associated with root development.
Results

Phenotypic variation
Complete statistical analysis of root traits measured in this study has been reported elsewhere [14] . In their principal component analysis, total root length (TRL) and root dry weight (RDW) explained most of the phenotypic variation. Moreover, both TRL and RDW were significantly and positively correlated with all other root-related traits. We, therefore, focused on TRL and RDW for association mapping in this study.
Frequency distribution of TRL and RDW measured in 6, 10, and 14-day-old seedling of 74 AS panel maize inbred lines are presented in supplementary figures 1 and 2. TRL ranged from 8.1-72.6 cm, 39.2-216.3 cm and 78.6-362.0 cm in 6, 10, and 14-day-old seedlings, respectively. RDW varied from 5.5-29.8 mg, 10.1-49 mg, and 14.9-82.0 mg in 6, 10, and 14-day-old seedlings, respectively. Both TRL and RDW had the highest co-efficient of variation (CV) in 6-day-old seedlings.
Sequence alignment and haplotypes
The Rtcl sequence alignment of 69 maize lines spanned 828 bp with no alignment gaps, such as indel polymorphisms. The 828 bp amplified fragment included two exons, i.e., exon 1 (420 bp), and exon 2 (279 bp), respectively, separated by an intron (129 bp). In exons 1 and 2, 16 and 22
SNPs were identified, respectively, whereas 7 SNPs were identified in the intron region. Out of the 38 SNPs in the exon regions, 32 altered the amino-acid sequences; the other 8 were synonymous mutations (Table 1 (Table 3) . For Rul1, intron 5 and exon 6 were partially amplified from all 74 lines of the AS panel. Sequence alignment of 411 bp from Rul1 consisting of 84 bp of intron 5 and 327 bp of exon 6 resulted in the identification of six SNPs, including five in exon 6. Four of those exon SNPs altered the amino-acid sequence (Table 4 ).
The number of haplotypes for the four genes ranged from 7 for Rul1, 9 for Rth3, 16 for Rtcl, to 22 for Rum1 (Tables 1-4 ). The range of haplotype means for TRL and RDW traits measured in 6, 10 and 14-day-old seedlings was larger for Rum1 gene compared to other three genes (Table 1- 
4).
Nucleotide diversity in four genes
Nucleotide diversity (π) was determined for Rtcl, Rth3, Rum1, and Rul1 coding and non-coding regions using the SNPs identified in respective amplicons from AS panel lines (Table 5) .
Overall, nucleotide diversity was π=0.021 in the entire region of Rtcl. Within Rtcl, nucleotide diversity was almost the same in both intron (π=0.022) and exon (π=0.021) regions. In Rth3 which lacks an intron region, nucleotide diversity was higher for synonymous (π=0.026) than for non-synonymous mutations (π=0.0002). For the Rum1, nucleotide diversity was higher in the non-coding region (π=0.017) than in the coding region (π=0.005), and for Rul1, there was not much difference in the nucleotide diversity between non-coding (π=0.007) and coding region (π=0.004). When the entire amplified region was considered, nucleotide diversity was lower in Rum1 (π=0.011), Rth3 (π=0.007), and Rul1 (π=0.005) compared to Rtcl (π=0.021). The nucleotide diversity based on θ, the neutral mutation parameter, was also calculated for all four amplicons in a sliding window of 100 bp using a step size of 10 bp (Fig. 1) . Based on θ, within Rtcl, average nucleotide diversity was same in both intron and exon region. In case of the Rum1 gene, nucleotide diversity seems to be higher in the intron region compared to the exon, but it was the same in both the exon and the intron region in the amplified region of the Rul1 gene. (Table 6) , with 14 SNPs associated with both sTRL and sRDW. Five of those SNPs were located in exon 1, four in the intron, and five in exon 2. Four SNPs in exon 1 and four in exon 2 caused non-synonymous changes in the protein sequence (Table 6 ), while the remaining two SNPs in the exon regions caused synonymous changes. In case of tTRL and tRDW, five and two SNPs were associated, respectively. SNPs at the sites 413, 473, 531, 547, and 554 were significantly associated with both sTRL and tTRL. Similarly, SNPs at sites 320 and 374 were significantly associated with both sRDW and tRDW. Out of these SNPs, SNPs at sites 320, 374, 413, and 554 caused non-synonymous changes in the amino-acid sequence. For fourteen-day-old maize seedlings, SNPs at sites 510 and 554 were associated with fTRL only. Moreover, the SNP at site 510 was associated with both sTRL and fTRL, whereas the SNP at 530 was associated with sTRL, tTRL and fTRL.
Using B73 as reference sequence, seven SNPs (290, 317, 320, 468, 510, 597, and 799) were significantly associated either with TRL and RDW traits affected putative functional sequence motifs in the Rtcl gene. These motifs are the signatures of the binding sites of several regulatory proteins (Supp. Table 1 ). Moreover, non-synonymous SNPs at 290, 317, and 320 affected the LOB domain amino acids in the RTCL gene (data not shown).
Rth3
13 polymorphisms in the Rth3 exon region were associated with sTRL, whereas the SNP at 621 was the only polymorphism associated with sRDW (Table 7) . Of these associated SNPs, a synonymous polymorphism at the site 621 was associated with both sTRL and sRDW. In case of fTRL and fRDW, seven and eight SNPs were associated, respectively. The synonymous SNPs at sites 180, 234, 438, 465, 492, 519, and 600 were significantly associated with both fTRL and fRDW. Moreover, these SNPs were also associated with sTRL. No SNP in Rth3 was associated with tTRL. Four SNPs (389, 399, 436 and 600) significantly associated with TRL and RDW affected the binding sites for regulatory factors in the Rth3 (Supp. Table 1 ). Since these SNPs were synonymous, they did not affect the COBRA domain in the Rth3 gene.
Rum1
One and two SNPs in Rth3 were associated with sTRL and sRDW, respectively. The SNP at site 303 in the intron 4 region was associated with both sTRL and sRDW. In case of tTRL and tRDW, the SNPs at sites 63 and 251 were associated with both traits. Moreover, these SNPs were also associated with fTRL and fRDW. SNPs at sites 118 and 302 were associated with sTRL and sRDW and also with fTRL and fRDW. The SNP at site 118 in the exon 5 region causes a non-synonymous change in the amino-acid sequence and also affects a binding site transcription factors in the Rum1 gene (Supp. Table 1 ).
Rul1
SNPs at sites 311, 336, and 389 in the exon 6 region of Rul1 were significantly associated with tRDW. The SNPs at sites 336 and 389 caused non-synonymous changes in the amino-acid sequence. A synonymous SNP at site 7 in the intron 5 region of Rul1 was associated with sRDW.
No SNP from the amplified Rul1 gene region was associated with either fTRL or fRDW.
Discussion
High levels of phenotypic, nucleotide, and haplotype diversity We observed substantial quantitative variation for root traits TRL and RDW in 6, 10, and 14-day-old seedlings indicating a considerable amount of morphological differences among 74 maize inbred lines in the AS panel (Supp. Figs. 1 and 2) . We identified maize lines with both under and well-developed root systems, which are attractive for identifying genomic regions controlling root traits [14] .
In the present study, 2386 bp across four candidate genes involved in root development were amplified from the AS panel lines, resulting in 78 SNPs, and an average SNP frequency of 1 SNP/31bp (Table 5 ). Substantial differences in nucleotide diversity were observed between the four candidate genes (Table 5) (Table 5 ). This indicates balancing selection with an excess of alleles with intermediate frequencies and a scarcity of rare alleles. Considerable haplotype diversity was found for Rtcl, Rth3, Rum1, and Rul1 (Table 5) .
Polymorphisms associated with root traits
Several studies have shown the quantitative and qualitative importance of root traits in taking up nitrogen (N) from N-depleted soils [58] [59] [60] . Identification of the genetic regions associated with root traits would help not only to develop maize lines with a favorable root system, but also to understand the relationship between plant growth, plant productivity and root architecture. In our previous study, we identified significant positive correlations between seed root traits such as SRL and RDW with grain yield under two N levels [7] . Here, we used association mapping to dissect the role of SNPs in Rtcl, Rth3, Rum1, and Rul1 for maize root development.
Taramino et al. [22] isolated the first root gene in maize (Rtcs) involved in seminal and crown root formation by map-based cloning. Rtcl, a paralog of Rtcs was used in our association mapping study. The role of Rtcl in maize needs yet to be determined. In our association study, Rtcl was found to be associated with root development in 6, 10, and 14-day-old seedlings (Table   6) SNPs in Rth3 were significantly associated with TRL and RDW in 6 and 14-day-old seedlings.
Even though root hair elongation was not measured in this association study, our study suggests 92% sequence identity at the amino acid level and is located in a duplicated region of the maize genome. The role of Rul1 gene in maize root formation is still unknown. In our association mapping study, Rum1 was associated with TRL and RDW in 6, 10, and 14-day-old seedlings, thus confirming the role of Rum1 in maize root development. Moreover, SNPs in the Rul1 gene were associated with RDW in 10 and 14-day-old seedlings. This suggests a role of Rul1 in root development, which has so far only been shown to be a paralog of Rum1 [23].
Molecular physiological basis of SNP-trait associations
Previous studies have shown the potential role of Rth3 and Rum1 genes in maize root development. Any impaired expression of these genes leads to defective root development. From our gene based association study, we not only confirmed the role of Rth3 and Rum1 genes in maize root development, but we also found that the two paralogous genes Rtcl and Rul1 are involved in the maize root formation. Thus, it is conceivable that polymorphisms in Rtcl, Rth3, Rum1, and Rul1 affect maize root formation.
In the Rtcl gene, 13 non-synonymous and 4 synonymous SNPs were associated with TRL and RDW. Out of these associated SNPs, seven affected putative functional sequence motifs, mostly transcription factor binding sites. Moreover, out of these seven SNPs, three SNPs at sites 290, 317, and 320 also affected the LOB domain in the Rtcl gene. These SNPs seem to be critical not only for the formation of a proper LOB domain, which is required for root formation, but also for regulation of the Rtcl gene by affecting transcription factor binding sites. Similar results wherein the SNPs associated with traits affect transcription factor binding sites in the gene have been reported elsewhere [36, 43] . In our previous association mapping study involving SNPs from the Rtcl gene and seedling root traits measured under contrasting nitrogen levels, these three SNPs were consistently associated with seedling root traits. The SNP at site 317 in Rtcl gene was associated with both RDW and TRL under high and low N conditions, whereas the SNP at site 320 was associated with RDW under both N conditions. In case of the SNP at site 290, associations were observed with RDW and TRL under high N. These consistent associations suggest the potential role of these SNPs in the Rtcl gene in maize root development. LD is very low between SNPs at sites 290-320 (r 2 = 0.0255) and 317-320 (r 2 = 0.0903), whereas it was moderate between 290-317 (r 2 = 0.2827). Low to moderate LD between these significant SNPs suggests that these individual SNPs might be true causative polymorphisms, and can be of potential use in deriving markers to select root traits.
For the Rth3 gene, 13 polymorphisms were found to be significantly associated with TRL and RDW. Of these 13 SNPs, four SNPs (site 393, 399, 438, and 600) in the exon region significantly affected the binding sites for regulatory factors in Rth3, but none of these SNPs affected the COBRA domain within the gene, as they were synonymous mutations. When the LD was estimated between these four SNPs, low LD was detected between SNPs at the sites 393-438 (r potentially be used to derive markers to select root traits. In our previous association mapping study involving SNPs in the Rth3 gene and grain yield, the SNP at site 600 was associated with grain yield under high N suggesting that this SNP might potentially be used along with other SNPs to select for grain yield. In case of the Rth3 gene, full-length re-sequencing of this candidate gene would greatly increase the number of unlinked polymorphisms to be tested for associations due to the extent of LD over a long distance.
In our previous association mapping study, non-synonymous SNPs in Rum1 and Rul1 gene (site 118 in Rum1, 336 and 389 in Rul1) were associated with seedling root traits under HN and LN conditions. In the present study, these SNPs were also associated with TRL and RDW. A nonsynonymous SNP at site 118 in Rum1 gene associated with RDW in 6 and 10-day old seedling also affected the putative functional sequence motifs which are the signatures of the transcription factor binding sites in the gene. LD is high between the sites 336-389 in Rul1 gene, so one these polymorphism is the true causative associated with root trait. Taken together, the SNP at site 118 in the Rum1 gene, and either SNP at sites 336 and 389 in the Rul1 gene can potentially be applied in breeding programs to improve root traits.
In the present study, genes and their paralogues have been tested for association with roots traits.
From our results, it seems that Rtcl, Rth3, Rum1, and Rul1 can be considered as candidate genes to develop functional markers for root traits especially the significant SNPs in these genes with large effect on the trait (Supp. Table 2 ). Functional markers are DNA markers derived from polymorphic sites within genes, causally involved in phenotypic trait variation [33] . One of our future objectives is to develop functional markers for seedling root traits, and to validate them in independent association mapping populations.
Methods
Plant materials
Allele re-sequencing of candidate root genes was carried out in 44 expired PVP lines, and 30 
Experimental design and phenotyping
Seedling root characteristics in maize lines were studied using a paper roll test described by Woll et al. [19] . Seeds were first surface sterilized with Clorox® solution (6% sodium hypochlorite) for 15 minutes. After surface sterilization, seeds were washed three times with sterile water. The relative humidity in growth chambers was maintained at 65%, and lines were grown in a randomized complete block design with two replications. Each paper roll containing three seedlings was considered an experimental unit. 74 maize lines with different genetic background and origins were evaluated at three growth stages independently (6, 10, and 14 days after sowing). Each experiment was repeated twice. At the end of each growth stage (6, 10, and 14 days), root characteristics were evaluated. Seedlings were separated into root system and shoots at the crown root region. The root system was further separated into primary root, seminal, and crown roots, and respective root lengths were recorded. To measure lateral roots, the primary root was scanned, and the image was analyzed using WinRhizo Pro 2009 software (Regent Instruments, QC, Quebec, Canada). Total root length (TRL) was estimated by summing the lengths of primary root, crown, seminal, and lateral roots for each seedling. Roots were dried at 70 °C to a constant weight, and root dry weight (RDW) was recorded subsequently.
DNA extraction, amplification, and sequencing
Four candidate genes were chosen based on their role in root development to identify SNPs for association study analyses. SNPs from these candidate genes were tested for possible associations with TRL and RDW. Candidate genes chosen for our association study were: Rtcs, Rtcn, Rtcl, Rth3, Rum1, and Rul1. Gene specific primers were designed to amplify the entire sequence of Rtcl, and parts of Rth3, Rum1, and Rul1 genes using the software program Primer 3.0 (http://frodo.wi.mit.edu/primer3/) ( Table 3 ). In case of Rtcs and Rtcn, even after several attempts, amplicons from all 74 lines were not obtained. This might be due to the extensive nucleotide diversity at these candidate genes which prevents the binding of designed primers.
Polymerase chain reaction (PCR) was performed using the designed primers for each gene separately in 50 μl volumes under the following conditions: 50 ng template DNA, 250 nM of each primer, 250 nM dNTPs, 2 U Taq polymerase and 250 μM MgCl2. Reactions were performed for each primer pair using the following PCR program in a thermocycler (MJ research, California): an initial 94 °C denaturation step for 2 min followed by 35 cycles of 94 °C for 30 sec (denaturation step), 57.5 °C for 30 sec (annealing step), and 72 °C for 90 sec (elongation step). The final extension step was followed by 72 °C incubation for 10 min.
Amplified DNA fragments were resolved by gel electrophoresis (Biorad, California) using 1% agarose gels in Tris-EDTA (TE) buffer. Agarose gels were stained with 0.5 μg of ethidium bromide per ml. The running time was 90 min at 120 mV. Finally, gels were visualized and photographed by a UV illuminator system (Alphainnotech, California). For each gel, the first lane was specified for a 100 bp DNA ladder (Promega, Wisconsin), the second lane and the third lane were specified for positive and negative controls. Amplified fragments of Rth3, Rum1, and 
Phenotypic data analyses
The following linear mixed model was used to estimate variance components: yijk= µ+ Ei + Bj(i) y= Xβ+Zu+e, where y is the vector of observations; β is an unknown vector containing fixed effects including genetic marker and population structure (Q); u is an unknown vector of random additive genetic effects from multiple background QTL for individuals or lines; X and Z are the known design matrices; and e is the unobserved vector of random residuals.
TRL and RDW were measured in 6 (sTRL, sRDW), 10 (tTRL, tRDW), and 14 (fTRL, fRDW) day old seedlings, and used as root traits in our association study. False discovery rate was set at 0.05 [52] to control for multiple testing of SNP markers. Motifs in the Rtcl, Rth3, Rum1, and Rul1 genes were searched using a PLACE (Plant cis-acting regulatory DNA elements) database
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Additional material
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